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Abstract

:

An integrated method is required for comprehensive assessment of the environmental impacts and economic benefits of rice production systems. Therefore, the objective of this study was to apply different footprinting approaches (carbon footprint (CF), nitrogen footprint (NF), water footprint (WF)) and determine the economic return on organic rice farming (OF) and conventional rice farming (CVF) at the farm scale. Over the 4-year study period (2018–2021), the results showed lower net greenhouse gas (GHG) emissions in OF (3289.1 kg CO2eq ha−1 year−1) than in CVF (4921.7 kg CO2eq ha−1 year−1), indicating that the use of OF can mitigate the GHG emissions from soil carbon sequestration. However, there was a higher CF intensity in OF (1.17 kg CO2eq kg−1 rice yield) than in CVF (0.93 kg CO2eq kg−1 rice yield) due to the lower yield. The NF intensities of OF and CVF were 0.34 and 11.94 kg Neq kg−1 rice yield, respectively. The total WF of CVF (1470.1 m3 ton−1) was higher than that in OF (1216.3 m3 ton−1). The gray water in CVF was significantly higher than that in OF due to the use of chemical fertilizers, herbicides, and pesticides. Although the rice yield in OF was nearly two times lower than that in CVF, the economic return was higher due to lower production costs and higher rice prices. However, more field studies and long-term monitoring are needed for future research.
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1. Introduction


With approximately 10–12% in carbon dioxide equivalents (CO2eq), agriculture—mainly rice cultivation—is part of global greenhouse gas (GHG) emissions and is a major anthropogenic source of atmospheric methane (CH4) [1,2]. Global fertilizer usage has increased from 32 to 106 Mt year−1 (+331%) since the Green Revolution in the 1950s, leading to an increase in nitrous oxide (N2O) emissions since then. Moreover, farming activities contribute to carbon dioxide (CO2) emission in the field from the use of fossil fuels [2]. Thus, GHG emissions from the agricultural sector are a non-negligible part of global warming that has caused serious environmental problems.



Thailand is one of the world’s major producers and exporters of rice (Oryza sativa L.) and was ranked as the sixth-largest rice producer in the world, producing about 25.31 million tons in the 2020/2021 season [3]. As reported in several studies (e.g., Ding et al. [4]; Pandey and Agrawal, [5]; Arunrat et al. [6]; Maraseni et al. [7]), rice cultivation requires continuous flooding, which causes an anerobic condition in paddy fields, leading to CH4 generation by methanogenic bacteria. Nitrogen fertilizer is commonly used in conventional rice farming (CVF) to enhance plant growth and increase rice yield. Farming activities (e.g., transportation, tillage, planting, spraying, water pumping, and harvesting) involve using fossil fuels that generate CO2 from combustion. After harvest, rice straw and stubble are left on the ground to decay or burned to ashes and are thus likely to produce CH4, N2O, and CO2. Organic rice farming (OF) has been promoted in many counties. This is because it stores more carbon in the soil, using no synthetic fertilizers, pesticides, and herbicides as well as avoiding rice residue burning, leading to net GHG emission reduction compared with CVF [8,9]. However, most studies have shown a lower average yield in OF than in CVF [10,11,12]. Moreover, rice production always requires water, whether as rainfall, irrigation, or groundwater, while water scarcity requires consideration of water-use efficiency and the maintenance of water quality [13]; yet the comparison between OF and CVF is still limited. Beyond the abovementioned issues, rice cultivation is closely linked to farmers’ income, which means a reduction in their incomes can negatively affect their livelihoods, especially if the low yield in OF would generate lower income compared with CVF. When considering these challenges, the need for an integrated assessment of rice production is crucial. Sustainable management should consider the environmental impact of GHG emissions while emphasizing water use efficiency, and the economic benefits should not be ignored.



In seeking sustainable management and combatting climate change, the “footprint family” could be beneficial for integrated assessment indicators. The carbon footprint (CF), water footprint (WF), and nitrogen footprint (NF) have been developed to understand how human activities exert pressure on the environment. The CF is expressed as a quantity of CO2eq, which corresponds to the sum of each GHG contribution to global warming [14]. The WF is an indicator for measuring the volume of direct and indirect water use in the life cycle of a product, consisting of green, blue, and gray WFs [15]. Green WF refers to the amount of rainwater that is stored in the soil and evaporated, transpired, or consumed by plants during cultivation. Blue WF indicates the consumption of water from rivers, lakes, and groundwater, and gray WF represents the consumption of freshwater to assimilate a load of pollutants and meet water quality standards [16,17,18,19]. In addition, the NF is a new footprint concept that was introduced after the concepts of ecological footprint, CF, and WF. The NF was developed to quantitatively assess the influence of human production and lifestyle on reactive nitrogen (Nr), all nitrogen species (N2O, ammonia [NH3] volatilization, and nitrate leaching) except N2 emissions to the environment per ton of products [20,21,22].



Soils have the potential to reduce the increase in the atmospheric CO2 concentration by capturing CO2 into plants and soil [23]. Rice fields have been reported as a high potential source of soil carbon sequestration [24,25] via incorporation of crop residues, direct manure and compost application, growing crop rotation, minimum/no tillage, and application of organic fertilizers [24,26,27]. These have led to increased attention on OF, motivated by the expected lower risks from negligible chemical inputs and reduction in net GHG emissions [12,28]. The number of OF and cultivation areas are quite small due to the lower average yield obtained than when using synthetic fertilizers, pesticides, and herbicides, but OF has lower production costs than CVF. Reganold and Wachter [10] and Willer et al. [29] reported that around 1% of global agricultural area is covered by organic farms, and this figure rises to slightly >1% in several developed countries. In Thailand, there is a project to promote organic rice production for 160,000 ha during 2017–2021 and help farmers obtain the organic rice standard from the Ministry of Agriculture and Cooperatives. Although the goal of 160,000 ha of organic rice represents approximately 2% of the total rice cultivation area in Thailand [30], it indicates an increase in the total organic rice area compared to the past few years. Thus, the development of a rice production system with low environmental impacts and high agronomic benefits is needed, and a new integrated method of comprehensive assessment should be adopted. However, there is limited research considering more than two members of the footprint family for rice production in combination with an economic perspective. Therefore, the objective of this study was to apply the different footprinting approaches (CF, NF, WF) and determine the economic return on OF and CVF at the farm scale.




2. Materials and Methods


2.1. Study Sites


Soil organic carbon (SOC) sequestration was not considered in CF estimation by many studies due to a lack of data and the requirement for long-term investigation. Meanwhile, several studies [23,31,32,33,34] have asserted that accounting for SOC sequestration in the CF estimation can increase the accuracy of the net CF estimation, which supports effective policy and individual decision-making to reduce GHG emissions or sequester more carbon. Therefore, SOC sequestration was accounted in the present study, which added important insights into the estimation of the CF of rice production.



Both organic and conventional rice farming were conducted in the farmer’s field over 4 years of cultivation (2018–2021) to reduce the uncertainty of data. These fields were good representatives under identical soil texture and differed only in the management practices of typical conventional and organic systems. Furthermore, conducting the study in the farmer’s own fields and allowing them to manage all farming practices in the usual way provided a realistic view of the farmer’s management practices. Thus, the organic rice farm (wet rice farming) at the Samnak Khun Nen Subdistrict, Dong Charoen District, Phichit province was monitored and the data collected there (16°04′04.1″ N, 100°32′31.1″ E, Figure 1). This farm has been producing organic rice for more than 10 years and was first certified by the International Federation of Organic Agriculture Movements (IFOAM) in 2016 and EU/USDA Organic Standards in 2018. The farmer grows the “Riceberry” rice variety once a year from August to December (120 days). For a fair comparison, a conventional rice farm (wet rice farming) (16°04′04.5″ N, 100°32′29.8″ E) was monitored and investigated as the comparison site (Figure 1). This farm can also grow rice once a year (from August to November) by choosing the “RD41” (105 days), “RD57” (110 days), or “RD79” (115 days) rice varieties.



According to the IFOAM and EU/USDA organic regulations, a buffer zone sufficient to prevent contamination from adjacent areas must be present. In this study site, sugarcane was planted as a 2 m-wide buffer zone to prevent contact with prohibited substances applied to the conventional field. The water sources used on an organic farm must be free of contaminants from natural, irrigated, and non-organic fields, so the organic farm must be built with a farm pond to store the water before it drains into the organic field (Figure 1).




2.2. Data Collection


2.2.1. Farm Management Practice Data


Data on farm management practices in four crop years (2017/2018–2020/2021) were obtained from the owner of organic rice and conventional rice farms. The farmers were requested to record all management practices throughout the crop year of rice production in personal notebooks. The quantities of agricultural inputs were recorded, including rice seeds, organic materials, chemical fertilizers, insecticides, herbicides, diesel and gasoline fuels, transportation (type of vehicle, distance, and fossil fuel used), harvest, paddy rice yield, and post-harvest. Moreover, the exact dates and months of all activities (land preparation, sowing, transplanting, applying chemical fertilizers, insecticides, herbicides, and bio-fermented juice, water pumping, and harvesting) were recorded and collected.




2.2.2. Soil Sampling and Analysis


Soil was sampled from both farms at 0–30 cm depth after the harvest in four consecutive years (2018–2021). At each farm, soil samples were randomly gathered from five pits. At each pit, soil samples were collected in three replications. The soil bulk density was taken using a soil core (5.0 cm width × 5.5 cm length) and was then measured after drying in an oven at 105 °C for 24 h. All soil samples were air dried at room temperature for 7 days; then, they were crushed and passed through a 2 mm sieve.



Soil particles size (soil texture) was determined by using a hydrometer. The electrical conductivity (ECe) was determined by using an EC meter following preparation of the saturated soil extracts (1:5) [35]. Soil pH was measured in a 1:1 soil-to-water mixture using a pH meter [36]. The molybdate blue method (Bray II extraction) was used to analyze the available phosphorus (Avail. P) [37]. The available potassium (Avail. K), calcium (Avail. Ca), and magnesium (Avail. Mg) were determined by atomic absorption spectrometry (NH4OAc extraction) [38]. Organic carbon (OC) was analyzed following the description of Walkley and Black [39].




2.2.3. Soil Organic Carbon Calculation


Equations (1) and (2) were used to calculate the SOC stock.


SOC30 cm = (φ × OC × L) × 1000 



(1)






  ∆   SOCS   30    cm    =     SOCS   2021   −   SOCS   2018    3  ×   44   12    



(2)




where SOC30 cm is soil organic carbon stock (kg C ha−1); φ is soil bulk density (g cm−3); OC is organic carbon content (%); L is soil thickness (cm);     SOCS   30    cm        is the annual amount of SOC at a depth of 30 cm (kg CO2eq ha−1 year−1);     SOCS   2021     and     SOCS   2018     are the amounts of SOC stock (kg C ha−1) in 2021 and 2018, respectively, 30 cm is the total soil depth in this study, and 44/12 is the coefficient for converting C into CO2.



In this study, the soil thickness (cm) was adjusted by using the equivalent soil mass method to reduce the error in carbon stock calculation due to farming activities over time. The soil mass values at the beginning were in 2018, and at the end, they were in the year 2021. The equation is presented below [40]:


   Soil   mass  =    φ  ×    L   



(3)




where    soil   mass    is the mass of soil sample (kg soil m−2). After determining soil thickness, the SOC stock was calculated using Equations (1) and (2), respectively, to obtain the equivalent soil mass.





2.3. System Boundary and Functional Unit


The CF and NF were calculated based on the 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories [41]. Moreover, the life cycle assessment of products from the cradle to the gate was used and considered in four stages: raw material production, transportation, field emissions, and harvesting (Figure 2). The CO2, CH4, and N2O emissions were expressed in the form of CO2eq. The radiative forcing potential relative to CO2 was 28 for CH4 and 265 for N2O [42]. Meanwhile, the NF was considered NH3 volatilization, N2O emission,     NO  3 −    and     NH  4 +    leaching. The functional unit of CF is expressed as kg CO2eq ha−1 year−1 and kg CO2eq kg−1 rice yield, while kg Neq ha−1 year−1 and kg Neq kg−1 rice yield are defined as the functional units of NF.




2.4. Carbon Footprint Calculation


The equations were provided by the 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories [41] as follows:


  CFI =     CE   total   − Δ   SOCS   30    cm     Y   



(4)






    CE   total   =   GHG    raw   material    +   GHG   transportation   +   GHG   utilization   +   GHG     CH  4    +   GHG    N 2  O    



(5)




where CFI is the carbon footprint intensity (kg CO2eq kg−1 rice yield), CEtotal is the total GHG emissions throughout the entire process of rice production from cradle to gate (kg CO2eq ha−1 year−1), Y is the rice yield (kg ha−1 year−1),     GHG    raw   material      is GHG emissions during the production of raw material (kg CO2eq ha−1 year−1),     GHG   transportation     is GHG emissions during transportation (kg CO2eq year−1),     GHG   utilization     is GHG emissions during the utilization phase of agricultural input (kg CO2eq ha−1 year−1),     GHG     CH  4      is the methane emissions from rice cultivation (kg CH4 ha−1), and     GHG    N 2  O     is the direct N2O emissions from paddy fields during rice cultivation (kg N2O ha−1). All the emission factors used were from the 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories [41], The National Technical Committee on Product Carbon Footprinting (Thailand) [43], TGO [44], EPA [45], The National Technical Committee on Product Carbon Footprinting (Thailand) [46], Ecoinvent Centre [47], and Maciel et al. [48], which are provided in the Supplementary Material.




2.5. Nitrogen Footprint Calculation


In this study, NF was used to characterize the eutrophication potential that is released into the air, water and soil [49] and evaluate the Nr emission and losses during the entire process of rice production from cradle to gate according to ISO 14044 [50]. The formulas used in these calculations were as follows:


  NFI =     NE   total    Y   



(6)




where NFI is nitrogen footprint intensity (g Neq kg−1 rice yield), NEtotal is the total Nr emission throughout the entire process of rice production from cradle to gate (g Neq ha−1 year−1), and Y is the rice yield (kg ha−1 year−1).


    NE   total   =   NE   inputs   +   NV     NH  3    +   NE    N 2  O   +   NL     NO  3 −    +   NL     NH  4 +     



(7)






    NE   inputs   =   ∑  i   Q    used  i    ×  Υ i   



(8)




where     NE   inputs     is the indirect total amount of Nr emissions using agricultural input (g Neq ha−1 year−1),    Q    used  i      is the amount of agricultural input type i used (kg ha−1 year−1), and    Υ i    is the emission factor of the agricultural input type i (g Neq ha−1 year−1). Due to    Υ i    values being unavailable in Thailand as yet, the specific emission factors (   Υ i   ) from IKE eBalance v3.0 (IKE Environment Technology CO., Ltd., Chengdu, China) were used in this study.



The Nr emissions and losses from the field included NH3 volatilization and N2O emission as well as     NO  3 −    and     NH  4 +    leaching, which were calculated by multiplying the pure amount of N used with the relative loss coefficient and then converting to the eutrophication potential values according to the following Equations (9)–(12).


    NV     NH  3    =  N    ×    φ    ×   17   14   × 0.833 × 1000  



(9)






    NE    N 2  O   =  N    × ∅ ×   44   28   × 0.476 × 1000  



(10)






    NL     NO  3 −    =  N    ×    ε    ×   62   14   × 0.238 × 1000  



(11)






    NL     NH  4 +    =  N    ×    σ    ×   18   14   × 0.786 × 1000  



(12)




where     NV     NH  3      is the volatilization loss of NH3 due to N application (g Neq ha−1 year−1);     NE    N 2  O     is the cumulative amount of direct N2O emission due to fertilizer applications (g Neq ha−1 year−1);     NL     NO  3 −      is the rate of     NO  3 −    leaching (g Neq ha−1 year−1);     NL     NH  4 +      is the rate of     NH  4 +    leaching (g Neq ha−1 year−1);  φ  is the coefficient of NH3 volatilization loss (0.338); ∅ is the emission factor of N2O emission due to N application (0.003 kg N2O-N kg−1 of N for continuous flooding);  φ  is the coefficient of     NO  3 −      leaching (0.305);  σ  is the coefficient of     NH  4 +      leaching (0.339); 17/14, 44/28, 62/14, and 18/14 are the molecular weight ratios of NH3 to NH3-N, N2O to N2O-N,     NO  3 −    to     NO  3 −  - N  , and     NH  4 +    to     NH  4 +  - N  , respectively. The values of 0.833, 0.476, 0.238, and 0.786 are eutrophication potential factors of NH3 (kg Neq kg−1 of NH3), N2O (kg Neq kg−1 of N2O),     NO  3 −    (kg Neq kg−1 of     NO  3 −   ), and     NH  4 +    (kg Neq kg−1 of     NH  4 +   ), respectively, and 1000 is a unit conversion factor (g kg−1). In this study, the eutrophication potential factors were obtained from Guinée et al. [51] based on the CML2002 methodology. The nitrogen percentages of agricultural residues were obtained from Arunrat et al. [27].




2.6. Water Footprint Calculation


The total WF in the rice-growing process (WFtotal, m3 ton−1) is the sum of green, blue, and gray water [52,53,54], as in Equation (13).


    WF   total   =      WF    green   +      WF    blue   +      WF    grey      



(13)







The green WF and blue WF are calculated using in Equations (14) and (15), respectively.


    WF   green   =     CWU   green    Y  =   10 ×   ∑   d = 1   lgp     ET   green    Y   



(14)






    WF   blue   =     CWU   blue    Y  =   10 ×   ∑   d = 1   lgp     ET   blue    Y   



(15)






    ET   green   =    min     (    ET  c  ,      P    eff    )     



(16)






    ET   blue   =    max     (  0 ,      ET   c  −  P  eff    )   



(17)




where CWU is crop water use (m3 ha−1), ETgreen is evapotranspiration of green water (mm day−1), ETblue is evapotranspiration of blue water (mm day−1), lgp is the growing period, Y is rice yield (ton ha−1 year−1), Peff is the effective rainfall available, and ETc is the crop evapotranspiration. The “0” value is considered when Peff exceeds crop evapotranspiration. Evapotranspiration was calculated using the CROPWAT 8.0 model.



The gray WF (WFgray, m3 ha−1) was calculated using Equation (18) [55]:


    WF   grey   =   α ×  (    ∑   x = 1  n  N + ON  )     (   C  max   −  C  nal    )  / Y    



(18)




where  α  is the fraction of leaching-runoff (nitrogen = 0.1, IPCC [56]), ON is the organic amendment rate (kg N ha−1), Cmax is the maximum acceptable concentration of a load of pollutant (NO3-N < 5 mg L−1, Pollution Control Department [57]), and Cnal is the natural N concentration (Cnal = 0 kg m−3).




2.7. Calculation of Economic Return and CF, NF, and WF Per Net Return


The net returns from rice production of organic rice and conventional rice farms were calculated by subtracting the total costs throughout rice production processes from the total benefit of selling paddy rice each year. The CF, NF, and WF per net returns were calculated according to the equations by Yang et al. [58] and Wang et al. [59].


    CF  E  =     CE   total   − Δ   SOCS   30    cm       R  net      



(19)






    NF  E  =     NE   total      R  net      



(20)






    WF  E  =     WF   total      R  net      



(21)




where CFE, NFE, and WFE are the CF, NF, and WF per net return in units of kg CO2eq THB−1 year−1, g Neq THB−1 year−1, and m3 THB−1 year−1, respectively, and Rnet is the net economic return (THB ha−1 year−1).




2.8. Statistical Analysis


The analyses were performed using SPSS (v. 20.0). T-tests and least significant difference (LSD) tests (p < 0.05) were performed to identify differences in soil properties (CF, SOC, NF, WF, CFE, NFE, and WFE) between OF and CVF.





3. Results and Discussion


3.1. Input Inventory Analysis and Soil Physical and Chemical Properties


The amounts of rice seeds needed and the gasoline used were significantly different between OF and CVF. The OF method used fewer rice seeds than the CVF one due to use of the transplanting method, while the broadcasting method was commonly used for CVF. Gasoline consumption was high in CVF compared with OF. This is because the spreader machine was used several times to spread fertilizer, herbicides, and insecticides during the crop maintenance stage. Significant differences in the diesel used and the remaining rice straw were not detected between OF and CVF. The bio-fermented juice was only applied in OF, not in CVF, because bio-fermented juice was the main material input providing the nutrients for crop growth. Unlike in OF, the nutrients in CVF mainly came from chemical fertilizers. Clearly, the OF used much lower material inputs than the CVF (Table 1). This is consistent with the studies of Bennett and Franzell [60] and Arunrat et al. [12], who revealed that organic agriculture has not only improved the livelihoods of farmers but also minimized the external input.



The soil textures of both sites were silty clay with 8.5–16.3% sand, 43.3–47.3% silt, and 40.4–46.62% clay content. The differences in the sand, silt, and clay contents were not significant between OF and CVF. Soil bulk density (BD) ranged from 1.35 to 1.36 g cm−3 and from 1.37 to 1.40 g cm−3 for OF and CVF, respectively. Although the values of BD in OF and CVF were not significantly different, the BD in OF was slightly lower than that in CVF. Soil pH values were 5.38–5.6 and 5.03–5.54 for OF and CVF, respectively, and a significant difference was not detected. The available P values were not significantly different between OF and CVF, with an overall range of 11.69–18.96 mg kg−1. The available K, available Ca, and available Mg values were found to have significant differences between OF and CVF in some years, ranging from 107.96 to 188.53, 1564.0 to 3770.4, and 100.31 to 274.65 mg kg−1, respectively. The ECe values ranged from 0.25 to 0.49 dS m−1. Interestingly, organic matter (OM) was significantly different between OF and CVF. Higher OM was found in OF than in CVF: 3.16–3.20% vs. 2.75–2.82%, respectively (Table 2).



Although there was an insignificant difference in pH between OF and CVF, the pH in OF was slightly higher than that in CVF (Table 2). This is because using chemical fertilizers decreased the soil pH. This is consistent with the study of Sun et al. [61], who mentioned that the long-term use of chemical fertilizers could significantly reduce the soil pH, resulting in decreased bacterial diversity in the soil. Moreover, the transformation of nitrogen fertilizer into different forms influences soil acidification, which depends on the type of nitrogen, the soil buffering capacity, and the net balance of proton-generating and consuming processes [62]. On the other hand, applying organic fertilizer or organic materials can alleviate these negative effects in the long term [63]. This is also supported by the studies of Rukshana et al. [64] and Sun et al. [61], who reported that the alkalinity of livestock manures could enhance the soil pH and prevent negative effects on soil bacteria. Similar to the soil pH, the BD in OF was a little lower than that in CVF (Table 2). This can be explained by the practice of organic rice farming, where retaining and incorporating rice residue in the soil decreases BD. In this study, the rice residue in OF has been retained in the rice field for more than 10 years, while the rice residue in CVF was removed or burnt in some years. Gathala et al. [65] reported that crop residue retention can improve soil quality and decrease bulk density due to increasing OM, resulting in soil compaction reduction and crop root growth enhancement [66,67]. It was found in the present study that the OM in OF was higher than that in CVF (Table 2). OM is an important factor in providing the necessary nutrient elements for plants; it enhances the activity of soil microorganisms, loosens the soil structure, decreases BD, and increases the cation exchange capacity [68].




3.2. Soil Organic Carbon Stock of OF and CVF


The SOC stocks were significantly higher in OF than in CVF from years 2018 to 2021. The ΔSOCS stocks increased by 147.3 kg C ha−1 year−1 (539.9 kg CO2eq ha−1 year−1) in OF, while the annual SOC stock value in CVF increased by 86.3 kg C ha−1 year−1 (316.3 kg CO2eq ha−1 year−1), as shown in Table 3. Thus, the increase in SOC is an effective measure to mitigate CO2 emissions, contributing to climate change mitigation through carbon fixation into the soil. Hiederer and Köchy [69], estimated the global SOC stocks at a 1 m depth, which contained 1206 Pg C (574 and 632 Pg C for the earth’s topsoil [0–30 cm] and subsoil [30–100 cm], respectively). It was greater than the atmospheric carbon stock (800 Pg C) [70]. This indicated that a small increase in SOC stock can play a crucial role in GHG reduction in the atmosphere [71]. Most of the agricultural soil carbon pool is an active carbon pool, which is important for crop productivity and the soil carbon cycle [23]. As shown in Table 3, both types of rice cultivation have the potential to sequester soil carbon in paddy soils. Indeed, Pan et al. [24] and Pan et al. [72] proved that paddy soils have higher potential than croplands. The SOC stock was higher in OF than in CVF (Table 3). This is because adding the bio-fermented juice and carbon inputs from the turnover of roots, return of rice residue, root exudates, and rhizodeposits helps to increase SOC sequestration [73,74,75].



It should be noted that changing land management practices from CVF to OF can increase soil carbon sinks, but the soil carbon level may decrease at the beginning if there is an intensive disturbance (e.g., intensive tillage, elimination of all rice residues, and removal of topsoil). Moreover, the rate of carbon removal from the atmosphere into the soil decreases with time because a new equilibrium is reached [76]. Paustian [77] and IPCC [78] stated that IPCC used a figure of 20 years for soil carbon to reach a new equilibrium in the IPCC good practice guidelines for GHG inventories. This implies that nearly 20–30 years after a land use change, the capacity of the soil to stock further quantities of carbon is near zero and may begin to decline if the soils are significantly disturbed. Therefore, implementation of soil carbon sequestration measures should be considered within a broader framework of sustainable development and possible policy implications [76,79].




3.3. Greenhouse Gas Emissions and Carbon Footprint of OF and CVF


The rice yield in CVF was nearly two times higher than that in OF (Table 4). This was due to the use of chemical fertilizers, which enhances crop growth and maintains the crop yield better than the use of bio-fermented juice. Moreover, herbicide and insecticide application in CVF is more efficient at protecting and eliminating weeds and diseases than the application of bio-fermented juice in OF, leading to less reduction in the rice yield in CVF. With the higher material input in CVF than in OF, the total GHG of CVF was significantly higher than that in OF, with values of 5238.0 and 3829.0 kg CO2eq ha−1 year−1, respectively. In the raw material production stage, significant differences in GHG emissions between OF and CVF were found for rice seeds, gasoline, and diesel production. Chemical fertilizer production of CVF generated the highest GHG emissions in this stage, with a value of 884.2 kg CO2eq ha−1 year−1. Throughout the life cycle of rice production, rice planting until the harvesting period is the largest stage of GHG emissions, especially CH4 emission. No significant difference was found for CH4 emissions between OF (2932.2 kg CO2eq ha−1 year−1) and CVF (2876.8 kg CO2eq ha−1 year−1). GHG emissions from gasoline, diesel, and direct N2O in CVF were significantly higher than those in OF, especially direct N2O. This is mainly due to N2O emissions emitted from the chemical fertilizers used. Notably, net GHG emissions in OF (3289.1 kg CO2eq ha−1 year−1) were significantly lower than those in CVF (4921.7 kg CO2eq ha−1 year−1), indicating that organic farms can mitigate the net GHG emissions with soil carbon sequestration; see Table 4.



The higher the agricultural inputs consumed, the higher the GHG emissions [80,81,82], which was the case in our study where the total GHG emissions were significantly higher in CVF than in OF (Table 4). The chemical fertilizers and fossil fuels in both raw material production and utilization phases were detected as the second and third hotspots of GHG emissions in CVF (Table 4). Obviously, the CVF used a high amount of chemical fertilizers, whereas they were not used in OF. This is consistent with the study of Zhang et al. [83] and Arunrat et al. [6], who reported that nitrogen fertilizer production dominated GHG emissions. Moreover, there was a higher frequency of use of a diesel water pump in CVF for draining the water from the natural ditch into the paddy field, while in OF the personal water pond was drained by gravity, or the diesel water pump used only a few times per year. The first hotspot of GHG emission was CH4 emission in both OF and CVF (Table 4). Dubey [84], Yu et al. [85], and Yan et al. [86] explained that CH4 was produced by methanogenic bacteria under obligate anaerobic conditions with a low soil Eh. Alam et al. [87] and Bacenetti et al. [88] estimated that CH4 was the main hotspot and contributed approximately 60% of total GHG emissions of rice production. In our study, the farmers of both farms preferred to grow rice under continuously flooded conditions because this practice prevents weed growth and water stress conditions in paddy fields. Higher CH4 emission was found in OF than in CVF, but lower N2O emissions were seen along with lower GHG emissions from herbicide and pesticide usage (Table 4). Kanter and Searchinger [89] analyzed metadata and reported that enhanced-efficiency fertilizers, using nitrification inhibitors and polymer coatings, could reduce N2O emissions and nitrogen leaching by approximately 25–60%. Meanwhile, Fan et al. [90], suggested that reducing pesticide application by adopting the use of biological control could reduce GHG emissions.



The intensities of CF in OF and CVF were significantly different, with values of 1.17 and 0.93 kg CO2eq kg−1 rice yield, respectively. There was a remarkably higher CF intensity in OF than in CVF due to the lower yield (Table 4). Compared with another study in Thailand, Arunrat et al. [12] used a similar calculation method to that in the present study and found that the CF intensities of organic rice and conventional rice farming in the Phichit province, lower Northern Thailand, were −0.13 and 0.82 kg CO2eq kg−1 rice yield, respectively. Arunrat and Pumijumnong [91] reported that the CF values of rice production in the Roi-Et province, Northeast Thailand, ranged from 0.31 to 1.68 kg CO2eq kg−1 rice yield. Champrasert et al. [92] estimated the CF of upland rice production in the Chiang Mai province, Northern Thailand, by including aboveground carbon and SOC stock. They found 0.13 and 0.19 kg CO2eq kg−1 rice yield (unmilled rice) for the Karen and Lawa tribes, respectively. The differences in CF values compared to the present study were due to the different amounts of agricultural inputs and SOC stocks that varied in different soil textures and climate conditions.



In addition, Thanawong et al. [93] found a rice yield of 2.97 kg CO2eq kg−1 for the CF of conventional rice production of rainfed areas in the rainy season, Northeast Thailand, while irrigated areas in the dry and rainy seasons had 4.87 and 5.55 kg CO2eq kg−1rice yield, respectively. Arunrat et al. [6] revealed that the CF of conventional rice production in the Phichit province, lower Northern Thailand, varied from 1.81 to 2.87 and 1.72 to 2.70 kg CO2eq kg−1 rice yield for irrigated and rainfed areas, respectively. Yodkhum et al. [94] estimated that the CF of organic rice production in the Chiang Mai province, Northern Thailand, was 0.58 kg CO2eq kg−1 rice yield. Yodkhum et al. [95] calculated the CF of conventional rice farming in the Maerim District, Chiang Mai province, Northern Thailand, and found 0.64 kg CO2eq kg−1 rice yield. Mungkung et al. [96] found that the CF of Hom Mali organic rice production in the Surin province, Northeast Thailand was 2.88 kg CO2eq kg−1 rice yield. When comparing the present study with the above studies, the different CF values are mainly due to the different amounts of agricultural inputs, methods, and parameters for the life cycle assessment (LCA) calculation, and none of the above studies considered SOC stocks.



Although reduction of the CF at production scale can be succeeded by an increase in crop yields, several studies [34,97,98,99,100] have stated that SOC sequestration is a key factor influencing CF and GHG emissions, as well as substantially increasing crop yields [101] and improving soil properties [102]. This is because any farming practices for crop production directly affect soil carbon increases or losses that have positive or negative impacts on environmental quality. Therefore, our study also suggested that the SOC sequestration should be taken into account for CF calculation in the LCA study, especially in crop production, which is critically important to estimate as to the net life cycle GHG emission.




3.4. Reactive Nitrogen Emissions and Nitrogen Footprints of OF and CVF


The total Nr emission in CVF was significantly higher than that in OF, with values of 63,422.5 and 950.9 kg Neq ha−1 year−1, respectively. Most of the NF was attributed to NH3 volatilization as well as NO3− and NH4+ leaching. These values were roughly 67 times higher in CVF than in OF. The Nr emissions in OF related to agricultural input and in the form of N2O were very little (0.014 and 2.11 kg Neq ha−1 year−1, respectively) compared with CVF (173.3 and 140.8 kg Neq ha−1 year−1, respectively; Table 5).



As shown in Table 5, the intensities of NF in OF and CVF were significantly different, with values of 0.34 and 11.94 kg Neq kg−1 rice yield, respectively. Due to the absence of studies on the NF of rice production in Thailand, comparisons with findings in other countries were discussed. Xue and Landis [103], used the LCA method to estimate the NF of cereal production in the Gulf of Mexico and found that the NF was around 2.65 g Neq kg−1 yield. Pierer et al. [104] applied an input–output analysis, indicating that the NF of grain production in Austria was around 21.9 g Neq kg−1 yield. Xue et al. [105], indicated that the NFs of the early, late, and double rice in Southern China were 10.47, 10.89, and 10.68 g Neq kg−1 yield, respectively. Chen et al. [22], using the LCA method, indicated that the NFs were 11.6, 13.4, and 15.4 g Neq kg−1 yield for double rice, rice–wheat, and wheat–maize, respectively. The NF of the present study (Table 5) was very low compared with that of the above studies. This is due to lower nitrogen material inputs, especially nitrogen fertilizers, than were used in the above studies. Chen et al. [106], mentioned that nitrogen application leads to NH3 volatilization, N2O emissions, and increased nitrogen leaching.




3.5. Water Footprint of OF and CVF


The total WF was higher in CVF (1470.1 m3 ton−1) than in OF (1216.3 m3 ton−1), but a significant difference was not found. The green and blue WFs in OF were 1117.1 and 82.0 m3 ton−1, respectively, while in CVF, they were 991.4 and 43.4 m3 ton−1, respectively. The difference in green WF between OF and CVF was due to the differences in planting dates and the growing periods of rice varieties until harvest. Notably, the gray water was significantly higher in CVF than in OF, with values of 435.3 and 17.2 m3 ton−1, respectively (Figure 3). This is mainly due to the use of chemical fertilizers, herbicides, and pesticides in CVF. The proportions of green, blue, and gray WFs in OF were 91.8, 6.7, and 1.4%, respectively, while accounting for 67.4, 3.0, and 29.6% for CVF, respectively (Figure 3). Globally, the averages of green and blue WFs of paddy rice were 618 and 720 m3 ton−1, respectively [107]. Johannes et al. [108] reported that the total WF of the organic rice commodity in Indonesia was 1145 m3 ton−1, consisting of 88.86% green WF, 9.00% blue WF, and 2.14% gray WF. Their results revealed that organic rice production could save around 52.8% of WF compared to conventional rice production. Although a significant difference in total WF between OF and CVF in our study was not found, it showed that OF contained around 17.3% of total WF lower than CVF (Table 4) due to the lower gray WF resulting from not applying any chemical fertilizers, which is also supported by the studies of Galloway and Cowling [109] and Benbi [110]. Thirkell et al. [111], stated that replacing chemical fertilizer with mycorrhizal fungi is an effective option for reducing gray WF. Therefore, it is of great value to switch from conventional rice production to organic rice production to reduce gray WF, which results in reductions in total nitrogen surplus accumulation in soils and releases to rivers and groundwater.




3.6. Economic Return and CF, NF, and WF per Net Return


OF can give higher net economic returns than CVF, gaining around 34,580 and 18,231 THB ha−1 year−1, respectively, which is due to lower production costs and higher rice prices. Concerning environmental indicators per net return, the CF, NF, and WF per net return values in OF were 0.09 kg CO2eq THB−1 year−1, 0.03 kg Neq THB−1 year−1, and 98.9 m3 THB−1 year−1, respectively. Meanwhile, the values of 0.27 kg CO2eq THB−1 year−1, 3.48 kg Neq THB−1 year−1, and 428.4 m3 THB−1 year−1 were generated in CVF for the CF, NF, and WF per net returns, respectively (Table 6). It is clear that OF generated much lower values than CVF, indicating that rice cultivation as organic rice has a lower impact on the environment when gaining a unit of net return. By considering the four key sustainability perspectives (productivity, environmental impact, economic viability, and social wellbeing) [10], relying on local resources or those inside the farm can greatly reduce the production costs, increase the farmer’s income, and reduce the impacts on the environment. To archive these sustainability perspectives, OF practices can be an effective choice. Moreover, the farmers, as water users, should be concerned about water-saving awareness regarding the water crisis in the future.




3.7. Limitations and Recommendations for Further Study


Although 4 years of rice cultivation were investigated in this study, the number of field studies is still limited due to the difficulty of exploring organic and conventional rice farms with similar environmental conditions. It allowed these two specific fields to be compared, whereas a generalized assessment of organic versus conventional rice production in Thailand needs a larger number of field studies and long-term monitoring to draw a wider conclusion. The challenges for future studies are (1) exploring field studies with a fair comparison, especially for soil texture; (2) reducing the uncertainty arising from agriculture inputs; (3) accessing the emission factors for the specific type of inputs to estimate the footprints.





4. Conclusions


Over the 4 years of the study (2018–2021), the SOC stocks in OF were significantly higher than those in CVF. The net GHG emissions in OF (3289.1 kg CO2eq ha−1 year−1) were significantly lower than in CVF (4921.7 kg CO2eq ha−1 year−1). There was a remarkably higher CF intensity in OF (1.17 kg CO2eq kg−1 rice yield) than in CVF (0.93 kg CO2eq kg−1 rice yield). The intensities of NF in OF and CVF were significantly different, with values of 0.34 and 11.94 kg Neq kg−1 rice yield, respectively. The total WF of CVF (1470.1 m3 ton−1) was higher than that in OF (1216.3 m3 ton−1). It is notable that the gray water in CVF was significantly higher than that in OF, with values of 435.3 and 17.2 m3 ton−1, respectively, which was mainly due to the use of chemical fertilizers, herbicides, and pesticides in CVF. Although the rice yield in OF was nearly two times lower than that in CVF, the economic return in OF was higher than that in CVF, gaining around 34,580 and 18,231 THB ha−1 year−1, respectively, which is due to lower production costs and higher rice prices. The CF, NF, and WF per net return values in OF were 0.09 kg CO2eq THB−1 year−1, 0.03 kg Neq THB−1 year−1, and 98.9 m3 THB−1 year−1, respectively. Meanwhile, the values of 0.27 kg CO2eq THB−1 year−1, 3.48 kg Neq THB−1 year−1, and 428.4 m3 THB−1 year−1 were generated in CVF for the CF, NF, and WF per net returns, respectively. Although our case study showed that OF generated lower values of CF, NF, and WF than in CVF, a larger number of field studies and long-term monitoring are needed for future studies.
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Figure 1. Study area of an organic rice farm (OF) and a conventional rice farm (CVF). The aerial image was taken from Google maps on 30 May 2021. The photos were taken on 29 August 2021 by Noppol Arunrat. 
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Figure 2. System boundaries for carbon, nitrogen, and water footprint assessment. * indicates that the materials were used in conventional rice farming but not applied in organic rice farming. 
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Figure 3. Comparison of water footprint. 
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Table 1. Agriculture input of organic rice farming and conventional rice farming during 2018–2021 (mean ± standard deviation).
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Input

	
Unit

	
Quantity




	
Organic Rice Farming

	
Conventional Rice Farming






	
Rice seeds

	
kg ha−1 crop−1

	
62.5 ± 31.3a

	
93.8 ± 31.3b




	
Gasoline

	
L ha−1 crop−1

	
62.5 ± 18.8a

	
125.0 ± 31.3b




	
Diesel

	
L ha−1 crop−1

	
125.0 ± 31.3a

	
156.3 ± 18.8a




	
Straw

	
kg ha−1 crop−1

	
3375.0 ± 1250.0a

	
3100.0 ± 1250.0a




	
Bio-fermented juice *

	
kg ha−1 crop−1

	
312.5 ± 125.0

	
-




	
Fertilizer 16-20-0

	
kg ha−1 crop−1

	
-

	
156.3 ± 62.5




	
Fertilizer 46-0-0

	
kg ha−1 crop−1

	
-

	
125.0 ± 31.3




	
Glyphosate 48% w/v SL

	
L ha−1 crop−1

	
-

	
218.8 ± 31.3

(0.75 L (a.i) ha−1)




	
Alachlor 48% w/v EC

	
L ha−1 crop−1

	
-

	
187.5 ± 31.3

(0.56 L (a.i) ha−1)




	
Acephate 75% S

	
L ha−1 crop−1

	
-

	
406.3 ± 62.5

(0.41 kg (a.i) ha−1)




	
Chlorpyrifos 40% EC

	
L ha−1 crop−1

	
-

	
375.0 ± 62.5

(0.75 L (a.i) ha−1)








Lowercase letters (a and b) represent a significant difference in material input between organic rice farming and conventional rice farming (p < 0.05). a.i. = active ingredient. * Bio-fermented juice refers to the bio-extract or biological fermentation from natural resources (e.g., lemon grass, neem leaves, fruits, and vegetables) and waste (e.g., molasses and dung) to dispose of insects or weeds and enhance soil nutrients instead of chemical inputs.
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Table 2. Soil physical and chemical characteristics (0–30 cm) of organic rice farming and conventional rice farming during 2018–2021 (mean ± standard deviation).
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Organic Rice Farming

	
Conventional Rice Farming




	
2018

	
2019

	
2020

	
2021

	
2018

	
2019

	
2020

	
2021






	
pH (1:2.5)

	
5.61 ± 0.31a

	
5.38 ± 0.56a

	
5.59 ± 0.54a

	
5.65 ± 0.52a

	
5.53 ± 0.42a

	
5.03 ± 0.37a

	
5.48 ± 0.61a

	
5.54 ± 0.57a




	
BD (g cm−3)

	
1.36 ± 0.28a

	
1.36 ± 0.25a

	
1.35 ± 0.41a

	
1.36 ± 0.55a

	
1.40 ± 0.32a

	
1.37 ± 0.35a

	
1.40 ± 0.46a

	
1.38 ± 0.43a




	
OM (%)

	
3.16 ± 0.14a

	
3.18 ± 0.17a

	
3.20 ± 0.16a

	
3.20 ± 0.17a

	
2.75 ± 0.15b

	
2.80 ± 0.14b

	
2.82 ± 0.15b

	
2.81 ± 0.13b




	
ECe (dS m−1)

	
0.49 ± 0.01a

	
0.57 ± 0.01a

	
0.25 ± 0.03a

	
0.37 ± 0.02a

	
0.36 ± 0.02b

	
0.42 ± 0.03b

	
0.30 ± 0.02a

	
0.41 ± 0.02a




	
Avail. P (mg kg−1)

	
13.01 ± 8.32a

	
15.06 ± 12.10a

	
17.57 ± 15.32a

	
18.6 ± 10.51a

	
11.69 ± 4.32a

	
15.34 ± 17.54a

	
18.96 ± 21.07a

	
13.65 ± 9.65a




	
Avail. K (mg kg−1)

	
142.98 ± 31.20a

	
151.54 ± 12.63a

	
184.97 ± 27.50a

	
176.5 ± 19.54a

	
164.96 ± 33.8a

	
188.53 ± 15.07a

	
107.96 ± 21.18b

	
157.3 ± 25.01a




	
Avail. Ca (mg kg−1)

	
1897.06 ± 613.5a

	
1965.45 ±

498.3a

	
2872.59 ± 572.3a

	
2373.34 ± 315.3a

	
3770.40 ± 743.2b

	
3653.13 ±

631.4b

	
1564.00 ± 287.56b

	
2567.40 ±

267.4a




	
Avail. Mg (mg kg−1)

	
138.14 ± 54.3a

	
157.89 ± 48.6a

	
178.93 ± 74.2a

	
168.9 ± 39.6a

	
216.38 ± 61.5b

	
274.65 ± 71.3b

	
100.31 ± 49.5b

	
218.5 ± 55.2a




	
Sand (%)

	
9.8a ± 3.75a

	
10.1 ± 3.60a

	
8.5 ± 3.11a

	
9.61 ± 4.21a

	
12.3 ± 4.07a

	
15.3 ± 4.31a

	
14.3 ± 4.25a

	
16.3 ± 6.72a




	
Silt (%)

	
44.9 ± 10.43a

	
47.3 ± 9.11a

	
46.2 ± 8.75a

	
43.77 ± 7.85a

	
44.6 ± 8.54a

	
43.9 ± 9.23a

	
44.2 ± 8.06a

	
43.3 ± 7.91a




	
Clay (%)

	
45.3 ± 6.21a

	
42.6 ± 4.98a

	
45.3 ± 7.61a

	
46.62 ± 6.99a

	
43.1 ± 5.55a

	
40.8 ± 5.08a

	
41.5 ± 9.43a

	
40.4 ± 7.03a




	
Soil Texture

	
Silty Clay

	
Silty Clay

	
Silty Clay

	
Silty Clay

	
Silty Clay

	
Silty Clay

	
Silty Clay

	
Silty Clay








Lowercase letters (a and b) represent significant differences in soil properties between organic rice farming and conventional rice farming of each year (p < 0.05). BD = bulk density; OM = organic matter; ECe = electrical conductivity; Avail. P = available phosphorous; Avail. K = available potassium; Avail. Ca = available calcium; Avail. Mg = available magnesium.
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Table 3. SOC stock and SOC sequestration rate from 2018 to 2021.
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	Practice
	SOC 2018

(kg C ha−1)
	SOC 2021

(kg C ha−1)
	ΔSOCS

(kg C ha−1 year−1)
	ΔSOCS

(kg CO2eq ha−1 year−1)





	Organic rice farming
	74,784.2a
	75,226.0a
	147.3
	539.9



	Conventional rice farming
	66,995.4a
	67,254.2a
	86.3
	316.3







Lowercase letter (a) represent significant differences in values between years 2018 and 2021 (p < 0.05).
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Table 4. GHG emissions of organic rice farming and conventional rice farming during 2018–2021 (mean ± standard deviation).
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Life Cycle Stage

	
Organic Rice Farming

	
Conventional Rice Farming






	
Raw material production (kg CO2eq ha−1 year−1)

	
Seeds

	
15.6 ± 0.3a

	
23.5 ± 0.5b




	
Gasoline

	
21.3 ± 0.7a

	
42.6 ± 0.7b




	
Diesel

	
48.3 ± 1.2a

	
60.4 ± 1.9b




	
Bio-fermented juice

	
79.8 ± 5.1

	
0




	
Chemical fertilizers

	
0

	
884.2 ± 221.1




	
Herbicides

	
0

	
72.6 ± 9.5




	
Pesticides

	
0

	
48.8 ± 9.8




	
Field emission (kg CO2eq ha−1 year−1)

	
Gasoline

	
144.9 ± 4.6a

	
289.9 ± 4.6b




	
Diesel

	
343.1 ± 8.2a

	
428.8 ± 13.7b




	
Herbicides

	
0

	
100.6 ± 15.1




	
Pesticides

	
0

	
31.9 ± 6.4




	
CH4

	
2932.2 ± 1570.0a

	
2876.8 ± 1684.5a




	
direct N2O

	
122.5 ± 17.9a

	
256.8 ± 43.4b




	
Harvesting

	
121.3 ± 15.2a

	
121.3 ± 15.2a




	
Total GHG (kg CO2eq ha−1 year−1)

	
3829.0 ± 1623.1a

	
5238.0 ± 2026.1b




	
Net GHG emissions (kg CO2eq ha−1 year−1)

	
3289.1 ± 1085.2a

	
4921.7 ± 1254.8b




	
Yield (kg ha−1 year−1)

	
2812.5 ± 625.0a

	
5312.5 ± 750.0b




	
CF intensity (kg CO2eq kg−1 rice yield)

	
1.17 ± 0.78a

	
0.93 ± 0.64b








Lowercase letters (a and b) represent significant differences in GHG emissions between organic and conventional rice farming (p < 0.05).
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Table 5. Nitrogen footprint of organic rice farming and conventional rice farming during 2018–2021 (mean ± standard deviation).
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Practice

	
Nitrogen Footprint (kg Neq ha−1 Year−1)

	
Total

(kg Neq ha−1 Year−1)

	
NF Intensity

(kg Neq kg−1 Rice Yield)




	
Agricultural Inputs

	
N2O

	
NH3

	
NO3−

	
NH4+






	
Organic rice farming

	
0.014 ± 0.010a

	
2.11 ± 1.1a

	
322.4 ± 167.8a

	
303.2 ± 104.1a

	
323.1 ± 112.0a

	
950.9 ± 378.8a

	
0.34 ± 0.21a




	
Conventional rice farming

	
173.3 ± 25.2b

	
140.8 ± 45.2b

	
21,448.5 ± 2105.6b

	
20,167.6 ± 1780.6b

	
21,492.2 ± 1967.5b

	
63,422.5 ± 7866.3b

	
11.94 ± 5.3b








Lowercase letters (a and b) represent significant differences in values between organic rice farming and conventional rice farming (p < 0.05).
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Table 6. Economic return and CF, NF, and WF per net return of organic rice farming and conventional rice farming (mean ± standard deviation).
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	Practice
	Total Cost

(THB ha−1 Year−1)
	Total Revenue

(THB ha−1 Year−1)
	Net Economic Return

(THB ha−1 Year−1)
	CF Per Net Return

(kg CO2eq THB−1 Year−1)
	NF Per Net Return

(kg Neq THB−1 Year−1)
	WF Per Net Return

(m3 THB−1 Year−1)





	Organic rice farming
	10,420.0 ± 8125.0a
	45,000.0 ± 9375.0a
	34,580 ± 9375.0a
	0.09 ± 0.03a
	0.03 ± 0.02a
	98.9 ± 41.34a



	Conventional rice farming
	21,612.8 ± 13,625.0b
	39,843.8 ± 12,500.0b
	18,231 ± 12,500.0b
	0.27 ± 0.08b
	3.48 ± 1.88b
	428.4 ± 253.7b







Lowercase letters (a and b) represent significant differences in values between organic rice farming and conventional rice farming (p < 0.05). THB is the official currency of Thailand (Thai Baht). Organic rice prices were 15–18 THB kg−1. Conventional rice prices were 7.0–7.5 THB kg−1 (Data were obtained from the farm owners during 2018–2021).
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